Estimates for critical and maximum gas saturation are obtained using time-lapse seismic signatures from multiple surveys shot during gas liberation and dissolution in a producing hydrocarbon reservoir. To aid this process, hydrocarbon gas properties and behaviour are studied, and their relation to the fluid-flow physics is understood using numerical simulation and seismic modelling. It is concluded that for seismic surveys repeated at time intervals of six months or more, the gas saturation distribution during either liberation or dissolution exists in two fixed saturation conditions defined by the critical and the maximum gas saturation. This understanding is then used to interpret seismic data from a turbidite field in the North Sea, which has surveys repeated every 12 to 24 months. We find a critical gas saturation of between 0.6 and 4%, but that the maximum gas saturation is relatively unconstrained. These low critical gas saturation values are consistent with the range of measurements from other similar fields in the open literature.
Introduction
The need to predict the flow of multiple fluids in a reservoir has been the subject of much research in the oil and gas industry. This is highly sought after because it enables efficient reservoir monitoring, management, planning and economic evaluation. In the reservoir engineering domain such understanding has so far been driven by research in laboratory measurements, log analysis, history matching as well as pore network modelling; however many parameters in multiphase flow remain unconstrained (Di Pierro et al. 2003) , especially at the reservoir scale. In particular, for drainage and imbibition involving gas, the critical (S gc ) and maximum (S gmax ) gas saturation values need to be better determined. The S gc is the saturation at which gas first becomes mobile and occurs during the drainage process such as gas out of solution. S gmax is the highest gas saturation obtainable in the presence of only connate water saturation and residual oil saturation to gas, and is important in situations such as when a secondary gas cap is formed due to migrating free gas. Pore pressure drop in producing oil reservoirs that have poor or misunderstood connectivity, followed by re-pressurisation with water injection, can create both of these scenarios (Dake, 2002) . Therefore, seismic monitoring of gas liberation or dissolution may provide a way of estimating key fluid-flow parameters. This appears initially possible as the seismic response to the presence of free gas generally leads to a strong, nonlinear reduction in seismic velocity and impedance (Han & Batzle 2000) . Previously, Falahat et al. (2013) showed how access to reservoir-scale versions of S gc and S gmax can be obtained using 4D seismic. Here, we extend this study by developing a quantitative analysis method suitable for multiple seismic surveys.
Interpretation of the 4D seismic data
The field of interest is a North Sea field that comprises of turbidite sands containing multiple stacked reservoirs which are compartmentalized. It has an aquifer and the reservoirs which are typically 30m thick or less are thought to be fully oil filled. The depletion mechanisms are solution gas drive and water drive, and the field is close to its bubble point pressure. Production activities as well as insufficient pressure support in its early years have led to gas exsolution. The baseline seismic for the field was acquired preproduction (1998), and six monitors -1999 , 2000 , 2002 , 2004 , 2006 and 2008 (Martin and MacDonald 2010 are analyzed in this paper. decrease, whilst a dimming indicates a reservoir hardening or impedance increase. By year 2000, pressure is known to have dropped by 900psi in the vicinity of the production wells. Thus, gas is expected to be liberated during the first three monitor surveys in years 1999, 2000 and 2002 . This is obvious as a general brightening of the individual reservoirs sands. After year 2002, pressure increases again and gas dissolution occurs due to an increase in water saturation (from below) from existing and new injectors. This is again generally evident as a dimming of the mapped sand bodies. Interestingly, however, based on the production and injection wells' start-up and shut-in history (Figure 2 ), different sand bodies deplete at different rates and hence the brightening and dimming events in each are not quite synchronised in time. P1  P2  P3  I1  P4  I2  I3  P5  I4  P6  I5  I6  I7  I8  P7  P8  I9  I10  P9  P10   Baseline M1  M2  M3  M4  M5 x In region A, an initial injector-producer (I2-P4) pair is supplemented by injector I4 to maintain pressure. Later, injectors I9 and I10 come on stream to counteract the pressure decline due to producer P8. Exsolved gas is observed initially in 1999, and it collects in a local high in the south-eastern corner to form a secondary gas cap in 2002. Increased water saturation and gas dissolution reduce the amplitudes after 2002, although some gas remains.
x Region B sits on a local high into which exsolved gas collects. With no direct injector support initially, gas dissolution does not occur until after 2002 when the nearby injector I8 becomes active.
x Region C is bounded along its south edge by a sealing fault (Figure 1 ). Critical gas saturation is evident as a consequence of production in P1 and P6, and there is an upward migration of the gas influenced by possible pressure gradients from producer P1. Injector I5 is active after 2001 to provide pressure support.
x Region D is possibly connected with region C, but it is not intersected by a producing well. Earlier amplitudes in this region D are fairly constant -suggesting a lack of pressure connection. Water sweep from injectors I3 and I5 may play a role in decreasing the amplitude after 2002.
x In region E, there is a strong and evident initial brightening until 2002 due to the producer P5. In 2003 injector I7 is drilled towards the northern edge, which then dims the amplitudes in subsequent years.
x The final region for consideration is F, which dips upwards to the south-east. The initial action of injector I1 dims the amplitudes in 1999, but pressure support is not sufficient and gas exsolution occurs in 2000 due to producer P2. Around year 2002, injector I6 replaces I1 close to the same location, and this provides the required pressure support. Figure 3 shows the amplitudes of a number of small sub-regions within A to F and their combined averages plotted against survey time. These sub regions are selected to be of known high net-to-gross and signal quality, and are used to determine the seismic amplitude levels associated with an oil sand (pre-production state), oil sand with critical gas saturation, and the secondary gas cap. The amplitude level of the baseline response and the maximum value of the amplitude as a function of time are determined for each. If the amplitude level after the maximum has been reached still remains above 
Seismic estimation of gas saturations
By normalising time-lapse amplitudes (maxima) by the baseline amplitude A bl , it is possible to relate seismic (ΔA) or impedance (ΔZ) measurements of critical gas saturation at location X to the maximum gas saturation at location Y in the following way
The numerator in (1) is calculated for the years 1998 (baseline) and 2000 combination, and the denominator in (1) is calculated for the years 1998 (baseline) and 2002 combination. The numerator values for regions C, E and F are 0.12, 0.30 and 0.12 respectively, whilst the denominator values for regions A and B are 0.75 and 0.92 respectively. In order to evaluate possible errors in the resultant calculation, a lower limit is formed by taking the lowest numerator value and highest denominator value; and then for the upper limit, the highest numerator value and lowest denominator value. This yields a lower limit of 0.127, and upper limit of 0.399, with their mean being 0.213. These results are now interpolated back to the curves in Figure 4 to produce estimates of the possible critical gas saturations in the range 0.55 to 4% for our reservoir. The curves in Figure 4 have been generated using a range of maximum gas saturation values. As the value of the maximum gas saturation is not known, a range of likely values of 50% to 75% is used to generate the curves. These curves are closely spaced and indicate an insensitivity of our seismic metric to this saturation value due to the anticipated non-linear behaviour of gas saturation. 
Discussion and conclusions
Estimates of critical gas saturation (S gc ) of a turbidite reservoir using 4D seismic data are determined to be in the range of 0.55% to 4.00%, and this is comparable with results from other studies in the literature (for example Kamath et al., 1995) . After analysis, it is not found possible to quantify the maximum gas saturation using the 4D seismic alone, despite the multiple surveys, due to the insensitivity of the seismic to this magnitude of gas saturation (see Figure 4) . As an addition, the effect of the residual gas saturation (S gr ) signal on our 4D seismic data is also found to be masked with pressure and water saturation effects as this occurs during water injection for pressure maintenance in the reservoir. Uncertainties in the saturation estimates may also arise due to lateral variations in net-to-gross in the selected areas, and imperfect cancellation of the reservoir thickness variations. The areas of high quality reservoir that were chosen for the regions gave a very good gas response on the seismic. The identification of critical and maximum gas saturation on the 4D seismic data is key to this technique. 
Figure 4
Plot of seismic amplitudes ratios versus critical gas saturation for a range of maximum gas saturation. The plot is further zoomed out to the area of interest so as to estimate the critical gas saturation value.
